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A method of estimating the degree of active participation during
stepping in a driven gait orthosis based on actuator force profile
matching
Abstract
Visual biofeedback with information about the patients' degree of activity is a valuable adjunct to
robot-assisted gait training as means of increasing the motivation and participation of the patients during
highly repetitive training sessions. In the driven gait orthosis (DGO) Lokomat, an estimation of the
patient's activity level was based on man-machine interaction forces as measured at the hip and knee
actuators of the exoskeletal device. In an early approach, theoretical assumptions about the expected
man-machine interaction forces, due to the varying behavior of the patients, were formulated for the
calculation of quantitative biofeedback. In contrast to this theory-based approach, we have developed a
novel method where the biofeedback calculations were based on measured reference man-machine
interaction force profiles of healthy subjects when walking with different degrees of activity. To account
for intrasubject and intersubject variability, reference force profiles were processed in a model to
generate multiple force profiles describing each activity state. To estimate the activity of a subject
walking in the DGO, the man-machine interaction force profile was measured, matched to each of the
generated force profiles, and the best fitting profile of the different activity states was identified by the
smallest Euclidian distance, respectively. By calculating the difference between these Euclidian
distances, a quantitative estimate of the patient's degree of activity was obtained. The novel method was
evaluated and compared to the conventional approach in a study with 18 healthy subjects. This
comparison showed that the novel method was more reliable in detecting different activity states and is,
therefore, a promising approach for future biofeedback systems.
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A Method of Estimating the Degree of Active
Participation During Stepping in a Driven
Gait Orthosis Based on Actuator Force
Profile Matching
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Abstract—Visual biofeedback with information about the pa-
tients’ degree of activity is a valuable adjunct to robot-assisted gait
training as means of increasing the motivation and participation
of the patients during highly repetitive training sessions. In the
driven gait orthosis (DGO) Lokomat, an estimation of the patient’s
activity level was based on man–machine interaction forces as
measured at the hip and knee actuators of the exoskeletal device.
In an early approach, theoretical assumptions about the expected
man–machine interaction forces, due to the varying behavior of
the patients, were formulated for the calculation of quantitative
biofeedback. In contrast to this theory-based approach, we have
developed a novel method where the biofeedback calculations
were based on measured reference man–machine interaction force
profiles of healthy subjects when walking with different degrees of
activity. To account for intrasubject and intersubject variability,
reference force profiles were processed in a model to generate
multiple force profiles describing each activity state. To estimate
the activity of a subject walking in the DGO, the man–machine
interaction force profile was measured, matched to each of the
generated force profiles, and the best fitting profile of the different
activity states was identified by the smallest Euclidian distance,
respectively. By calculating the difference between these Euclidian
distances, a quantitative estimate of the patient’s degree of activity
was obtained. The novel method was evaluated and compared to
the conventional approach in a study with 18 healthy subjects.
This comparison showed that the novel method was more reliable
in detecting different activity states and is, therefore, a promising
approach for future biofeedback systems.
Index Terms—Biofeedback, gait training, rehabilitation
robotics, signal processing.
I. INTRODUCTION
I N RECENT years, several systems have been developed toconduct robot-assisted or device-assisted gait training for
patients with neurological gait disorders [1]–[5]. Although dif-
Manuscript received January 31, 2008; revised July 14, 2008; accepted Au-
gust 28, 2008. First published November 07, 2008; current version published
February 11, 2009. This work was supported in part by the Commission for
Technology and Innovation, Switzerland under Grant 6199.1-MTS and Grant
7497.1 LSPP-LS, and in part by the Swiss National Science Foundation,
Switzerland, via the National Center of Competence in Research, NCCR Neuro
P7.
R. Banz was with the Spinal Cord Injury Center, Balgrist University Hos-
pital, 8008 Zurich, Switzerland, and was also with the ETH Zurich, 8092 Zurich,
Switzerland (e-mail: raphael.banz@gmx.net).
M. Bolliger and R. Riener are with the Spinal Cord Injury Center, Bal-
grist University Hospital, 8008 Zurich, Switzerland, and also with the
Sensory-Motor-Systems Laboratory, ETH Zurich, 8092 Zurich, Switzerland
(e-mail: mbolliger@paralab.balgrist.ch; riener@mavt.ethz.ch).
S. Müller and C. Santelli were with the Signal and Information Pro-
cessing Laboratory, ETH Zurich, 8092 Zurich, Switzerland (e-mail:stef-
muel@ee.ethz.ch; claudios@ee.ethz.ch).
Digital Object Identifier 10.1109/TNSRE.2008.2008281
ferent in design and construction, the common goal of these sys-
tems was to facilitate and optimize task-specific gait training for
the patients and for the therapists.
One of these mechanized devices is the driven gait orthosis
(DGO) Lokomat (Hocoma AG, Volketswil, Switzerland).
The DGO Lokomat is based on a bilateral lower extremity
exoskeleton that is used in combination with a body-weight
support system and a treadmill [1]. Linear drives are integrated
in the exoskeletal structure to support the stepping movements
of the patient in the sagittal plane. During gait training, the legs
of the patient are moved on predefined hip and knee joint trajec-
tories on the basis of a position control strategy. To increase the
spatial precision of the movement, the mechanical impedance
of the linear drives is high. The feasibility and effectiveness
of training programs with the DGO Lokomat were shown in
subjects having suffered stroke [6], [7], incomplete spinal cord
injury [8]–[11], multiple sclerosis [12], and in children with
cerebral palsy [13], [14]. A clear advantage of training with the
DGO Lokomat—as well as with other gait training devices—is
that the therapist is relieved from the physical strain of manually
guiding the patients’ legs or stabilizing the patient’s torso [6].
This allows longer and a higher number of training sessions
for the patient. However, the effectiveness of the mechanized
gait training is potentially compromised by two factors: First,
with significant assistance given to support body weight and to
induce stepping, the patient may simply follow the movements
of the exoskeleton in an almost passive manner, i.e., the device
moves the patients’ legs without his or her activity or effort.
Second, the direct, manual contact between the therapist and
the patient was dramatically decreased with the introduction
of the exoskeletal device. Therefore, with a highly repetitive
induced gait pattern, estimation of the walking performance of
the patient is difficult. Additionally, any untoward behaviors
might go undetected by the therapist and hence, are not com-
municated to the patient. Indeed, it was found that muscular
activity in the legs of healthy subjects was partly reduced when
walking in the DGO compared to treadmill walking [15]. Also
subjects with incomplete spinal cord injury had reduced mus-
cular activity when walking in the DGO Lokomat compared to
manually assisted treadmill training [16]. To overcome these
limitations, a real-time visual biofeedback method has been
integrated in the DGO Lokomat in order to assess the degree of
active participation of the patient during gait training [17]–[20].
The following biofeedback criteria was developed in order to
observe the main functional walking movements that are con-
1534-4320/$25.00 © 2009 IEEE
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Fig. 1. The driven gait orthosis is used in combination with a body weight sup-
port system and a treadmill. The hip and knee linear drives of the exoskeleton
are equipped with force transducers to measure man–machine interactions. The
biofeedback is presented on a monitor for the patient and the therapist. (Photo-
graph courtesy of Hocoma AG, Volketswil, Switzerland).
trolled by the linear drives: active hip extension during stance
phase, swinging the leg forward during swing phase (active hip
flexion), supporting body weight during stance phase (active
knee extension), lifting the foot from the ground in early swing
phase (active knee flexion), and placing it on the ground again
during late swing phase (active knee extension). Due to the ne-
cessity of guiding weak patients with a high guidance force
(i.e., a high stiffness of the DGO) along a fixed gait trajectory,
the biofeedback method was based on man–machine interaction
forces at the hip and knee linear drives. With this approach, the
forces that the patient exerts onto the DGO are measured along
each gait cycle and processed for each joint separately. This pro-
vided eight biofeedback values per step cycle (left and right hip
and knee joint during stance and swing phase) to characterize
the degree of activity of the patient. The biofeedback values
were visually displayed on a monitor at head height in front of
the patient with different display options (Fig. 1). One of these
options is a line graph, where the biofeedback value for each
step cycle is displayed with a neutral value (around zero) for ac-
tive stepping, a negative value for passive behavior and positive
values for biomechanically correct movements with high force
production by the patient.
The processing of forces to quantify the activity of the patient
for each step was based on two theoretical hypotheses. 1) Ac-
tive, healthy stepping results in zero interaction forces. This is
due to the assumption that a healthy subject would be able to
perfectly match the movements of the exoskeleton. 2) Forces in
the direction of joint angular velocity are beneficial for stepping
(hence awarded with positive biofeedback values) and forces in
the opposite direction are detrimental (thus assigned negative
biofeedback values). Based on these assumptions, the measured
interaction forces were multiplied by corresponding weighting
functions in order to allocate a positive or a negative sign to the
biofeedback value. Further, the weighting functions allowed as-
signment of different weights to distinctive phases of the gait
cycle. As the weighing functions were based on joint angular
velocity, the sections of the gait cycle with the highest joint an-
gular velocity received the highest weight. Two exceptions were
introduced to this concept: 1) the stance phase of the knee was
set at a constant because the knee has to support the body weight
throughout the stance phase and 2) the weighting of the hip was
reduced during the section of the highest joint angular velocity,
because the movement of the thigh is not only caused by volun-
tary muscle activation but partly by gravity. This biofeedback
method has been evaluated with a limited number of healthy
subjects [18], [19] and it was applied to patients with incom-
plete spinal cord injury [19], [21] where it has been shown that
the patients’ opinion about using biofeedback during training
was generally in favor of the biofeedback compared to no feed-
back. In healthy subjects a good correlation between the degree
of activity of the subject and the corresponding biofeedback
values was found for the swing phase, but not for the stance
phase [18], [19]. Especially, the calculation of the knee stance
phase was shown to have room for improvement. Furthermore,
it became apparent that active healthy stepping did not result
in a zero interaction force profile throughout the step cycle. The
consequence of this was an offset of biofeedback values into the
negative range, i.e., active healthy stepping was often assigned
a negative—instead of a positive—biofeedback value [21]. In
addition, a change from passive to active behavior did not nec-
essarily result in a force that pertained to joint angular velocity
[18], [19].
Based on these results, we concluded that the theoretical
assumptions that had been chosen for data processing were
not ideal. We therefore decided to establish a novel method to
estimate the degree of active participation of a subject when
walking in the DGO. As opposed to the conventional approach,
we based the data processing on observations of reference
measurements with healthy control subjects. We hypothesized
that the novel approach delivered more reliable biofeedback
values compared to the conventional method, particularly for
the knee stance phase.
II. METHOD
A. Measuring Reference Man–Machine Force Profiles
As a first step, we measured man–machine interaction forces
of two healthy subjects when walking in the DGO Lokomat with
two degrees of activity. For one measurement, the subjects were
walking actively and tried to match the movements of the ex-
oskeleton. For the second measurement, the subjects were in-
structed to behave passively and not to contribute to the step-
ping movements. With this procedure, man–machine interaction
forces at the hip and knee linear drives were recorded for 30
step cycles in each condition. By averaging the man–machine
interaction forces of both subjects, a reference force profile rep-
resenting active stepping and passive behavior
was obtained (Fig. 2).
B. Generalization of the Reference Interaction Force Profiles
To account for the intrasubject and intesubject variability of
human gait, we created a model to generalize the reference force
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Fig. 2. Man–machine interaction forces of two healthy subjects. The subjects
were actively walking by matching the movements of the exoskelton (active
state) and behaved passively (passive state). a) Raw data and mean of hip and
knee interaction forces of subject 1. b) Raw data and mean of hip and knee
interaction forces of subject 2. c) Mean of hip and knee interaction forces of
both subjects with the resulting averaged reference curve.
profiles for active walking (active state) and passive behavior
(passive state). The model generates force profiles for the ac-
tive state and passive state with samples per step cycle with
the data distributed around the reference force profiles
and , respectively. The generation of these force profiles
with and is defined
for the hip and knee joint by
(1)
where is the reference force profile of the state , is
a factor to control the distribution of the data and is a
Gaussian noise term. The magnitude of the initial value
is based on a Gaussian distribution around the initial value of
the reference force profile with
(2)
where . The magnitude of the generated force
profile at the time point is calculated as the sum of the ref-
erence force profile and the weighted difference between
the generated force profile and reference force profile of the pre-
vious time point . The distance between the
generated force profile and the reference force profile
is multiplied by the factor to control the
distribution of the data, i.e., the distance between the generated
force profile and the reference force profile remains unchanged
when , the generated force profile approaches the refer-
ence force profile when and departs from it when
. is based on the observed variance of the interac-
tion forces measured in the two reference subjects, i.e., a high
variance is created in the sections of the generated force profile
where a high variance was observed in the measured interaction
forces. The white Gaussian noise term was introduced to
model the variability in the course of the generated force pro-
files. With this procedure, bundles of force profiles for
the hip and knee joints for the “active state” and the “passive
state” were generated, respectively (Fig. 3).
C. Estimation of the Degree of Activity of a Subject Walking
Within the DGO
To assess the degree of activity of a subject walking within
the DGO, the measured force profile of the subject for one step
cycle was matched to the generated force profiles describing
the “active state” and “passive state”
, respectively. The best fitting gener-
ated force profile of the “active” and “passive state” was identi-
fied by calculating the Euclidian distance between the measured
force profile and each of the generated force profiles for
the stance and the swing phase and for the hip and knee joint
separately
(3)
(4)
(5)
(6)
with for the stance phase and for
the swing phase.
After identifying the best fitting generated force profile for the
active and passive state, a further step was necessary to estimate
(and quantify) the patient’s degree of activity. The estimation
was based on the relative position of the measured force profile
compared to the best fitting generated force profiles by
(7)
(8)
where is the biofeedback value, hence the quantification of
the degree of activity of the subject. For example, in the stance
phase, it was determined whether the measured force profile
better matched the generated force profile of the pas-
sive state or active state by calculating their Eu-
clidian distance from the measured force profile .
The difference between the Euclidian distances then represents
a quantitative estimate whether the subject is more likely to be
in an active state, with a positive value, or a passive state, with a
negative value. The magnitude of the biofeedback value in-
creases when the measured force profile lies close to one of the
best fitting force profiles and decreases in case the force profile
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Fig. 3. Comparison of measured force and generated force profiles for the “active state” and “passive state” of the hip and knee joints. Data of the whole gait cycle
are shown with the stance phase from 0% to 55% and the swing phase from 55% to 100%. Top: means of measured force profiles of 18 healthy subjects. Bottom:
18 generated force profiles.
lies at a similar distance away from both best fitting force pro-
files. An analogous procedure was applied for the swing phase
with
(9)
(10)
D. Evaluation of the Assessment Method
The novel biofeedback method was evaluated on 18 healthy
subjects. The study protocol was approved by the local Ethics
committee and conformed to the Declaration of Helsinki.
All subjects gave informed written consent before inclusion
in the study. The subjects had an average weight of 69.7
(standard deviation ) kg, a height of 172.9 (9.1) cm,
and they were 26.2 (3) years old. Ten of the subjects were
female. Similar to the measurements of the reference force pro-
files, the subjects were asked to 1) walk actively by matching
their movements to the movements of the exoskeleton and
2) to behave passively and not to contribute to the stepping
movements. After recording man–machine interaction forces
during approximately 30 step cycles, biofeedback values were
calculated by the conventional method and by the novel method
for the hip and knee joints of both legs for the stance and swing
phase of each step cycle, respectively. The correlation between
the subjects’ activity and feedback values was determined for
each subject and each joint with both methods. First, it was
tested whether an increase of degree of activity resulted in a
significant increase in biofeedback values (Wilcoxon signed
rank tests with ). Second, the absolute value of
calculated biofeedback was analyzed, i.e., the percentage of
cases where active walking did result in a positive biofeedback
value was determined.
III. RESULTS
With the novel method, a positive correlation between the
change of the degree of the subjects’ activity and the biofeed-
back value was found in 97% of the cases for the knee during the
stance phase compared to 17% with the conventional method.
For the knee during swing phase, a positive correlation was de-
rived in 70% of the cases with the novel method and in 64%
with the conventional approach. For the hip, a positive corre-
lation was observed in 89% of the cases for the stance phase
and 69% for the swing phase. The corresponding values for the
conventional feedback were 92% for the stance phase 75% for
the swing phase. Negative correlations between the patients’ ac-
tivity and feedback values for the knee during stance phase were
observed in 3% of the cases with the novel method (57% with
the conventional method), in 11% (25%) of the cases for the
knee during swing phase, 5% (0%) of the cases for the hip during
stance phase, and 6% (11%) of the cases for the hip during swing
phase (Table I).
With the novel method, 100% of the calculated biofeedback
values for the knee stance phase were in the positive range
for subjects walking with full activity, compared to 10% with
the conventional method. The novel method provided positive
biofeedback values for subjects walking with full activity in
70% of the cases for the knee swing phase, 92% of the cases
for the hip stance phase, and 77% of the cases for the hip swing
phase. The corresponding values for the conventional approach
were 40% for knee stance phase, 15% for hip stance phase, and
0% for hip swing phase (Table II).
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TABLE I
CORRELATION OF BIOFEEDBACK WITH THE SUBJECTS’ DEGREE OF ACTIVITY
IV. DISCUSSION
Robot-assisted gait training with the driven gait orthosis
Lokomat was shown to be an effective way of restoring walking
ability in patients with neurological gait disorders due to stroke
[6], [7], incomplete spinal cord injury [8]–[11], multiple scle-
rosis [12], and in children with cerebral palsy [13], [14]. The
main advantage of mechanized gait training in comparison to
manually assisted gait training or conventional physical therapy
is that the therapist is relieved from the high physical strain
when guiding the legs and stabilizing the body of the patient.
However, due to the significantly reduced manual contact with
the patient, as well as the induced gait pattern in robot-assisted
gait training, the estimation of the degree of activity of the
patient is covert. As active participation and activity is crucial
for the effectiveness of a training regime [22], a visual online
biofeedback has been developed for the driven gait orthosis
Lokomat. It has been shown that using this visual biofeedback
was favored by the patients compared to when no feedback
was provided [19]. Furthermore, it has been shown that the
biofeedback values correlated well with the degree of activity
of healthy subjects when walking within the DGO for the swing
phase, but not for the knee stance phase [19]. In addition, an
offset of biofeedback values was observed, resulting in mainly
negative—instead of positive—biofeedback values for subjects
when stepping actively within the DGO [21].
Therefore, we developed a novel approach to estimate the
degree of a person’s activity level while walking in the DGO
Lokomat. Similar to the conventional approach, we based our
biofeedback calculations on man–machine interaction forces as
measured at the hip and knee linear drives of the exoskeleton.
However, while the conventional approach was based on theo-
retically anticipated man–machine interaction forces, the novel
approach was based on measured interaction forces of healthy
reference subjects when walking actively in the DGO (active
TABLE II
ANALYSIS OF THE BIOFEEDBACK VALUES
state) and when not contributing to the step movements (pas-
sive state). A modeling approach was applied in order to gen-
eralize these measured force profiles and to create a multitude
of reference force profiles representing the active and passive
state, respectively. To determine the degree of activity of a sub-
ject walking in the DGO, the subjects’ measured force profiles
were matched to the reference force profiles and the best fitting
reference force profile representing the active state and the pas-
sive state were identified. Following, the difference between the
Euclidian distance of the measured force profile and the best
fitting force profiles of the active and passive state provided a
quantitative estimate of the degree of activity of the subject for
the stance and swing phases of the hip and knee joints.
The method was evaluated and compared to the conventional
approach in a study on 18 healthy subjects. With the novel ap-
proach, a positive correlation between the change in the degree
of activity of the subjects and the corresponding biofeedback
values was found in 97% of the cases for the knee stance
phase, compared to 17% with the conventional approach. The
percentage of positive correlations was also higher for the knee
during swing phase, whereas with the conventional method
slightly more positive correlations were observed for the hip.
False interpretations of the change of the degree of the subjects’
activity (i.e., an increase in biofeedback values with a decrease
of the degree of activity of the subject) were 54% and 14%
lower with the novel method for the knee during stance and
swing phase, respectively. For the hip, negative correlations
were 5% higher for the stance phase and 5% smaller for the
swing phase. The novel method provided positive biofeedback
values for active stepping in 100% of the cases for the knee
stance phase, 70% for the knee swing phase, 92% for the hip
stance phase and 77% for hip swing phase. With the conven-
tional approach, the corresponding values were 10% for the
knee stance phase, 40% for the knee swing phase, 15% for the
hip stance phase, and 0% for the hip swing phase.
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We conclude from these results that the presented novel
biofeedback approach is a valuable alternative to the conven-
tional approach. In general, less false interpretations of a change
in degree of activity were detected with the novel method. Fur-
thermore, a better correlation between the activity state of the
subject and the corresponding biofeedback value was found
with the novel method compared to the conventional approach,
particularly for the knee during stance phase. This is valuable
because during stance phase, the knee is the basic determinant
for limb stability [23] and studies with healthy subjects and
patients with incomplete spinal cord injury showed reduced
leg muscle activity during stance phase when walking in the
DGO Lokomat compared to treadmill walking [15] or manu-
ally assisted treadmill training [16]. Therefore, we consider a
reliable biofeedback for the stance phase as an indispensable
necessity for efficient robot-assisted gait training. In addition,
a correct estimation of the patient’s ability to cope with the
current demands during stance phase allows a better control
of the required body weight support. A second amelioration
of the novel method was that active stepping in the DGO
Lokomat was assigned positive biofeedback values in the vast
majority of the cases, while the negative offset observed with
the conventional approach [21] was confirmed by our results.
The removal of this offset is a highly desired improvement of
the system because patients should not be confronted with a
negative biofeedback value when they perform well. One major
purpose of biofeedback is to motivate the patient to execute
his task, which is, of course, compromised by not awarding a
desired movement with a positive biofeedback.
The key feature of the novel approach is that it was based
on measured man–machine interaction force profiles of healthy
control subjects. With this procedure, theoretical considerations
on expected man–machine interaction forces were avoided. This
is a remarkable advantage because theoretical biomechanical
models for a complex system—such as the driven gait orthosis
that is used in combination with a body weight support system
and a treadmill—are difficult to construct and require a sub-
stantial number of assumptions such as the effect of the move-
ment of the patient on man–machine interaction forces and other
factors influencing these forces such as treadmill speed, body
weight support, positioning of the patient, and the synchroniza-
tion between the movements of the exoskeleton and the tread-
mill speed. For example, our data showed that healthy walking
did not result in zero interaction forces (Fig. 2). Furthermore, a
decrease of activity resulted in unexpected forces during stance
phase, which was only detected because of the measurements
on reference subjects.
The novel biofeedback method has two further advantages.
First, it accounts for the intrasubject and intersubject variability
of human walking. In contrast to the conventional method,
where the reference force was a single value, namely the zero
force, the active and the passive state are described by multiple
reference force profiles. These reference profiles contain the
main characteristics of the active or passive state and at the
same time allow variations of individual force profiles. Second,
in contrast to the conventional approach, the method is not
limited to detect only two degrees of activity. Theoretically,
an unlimited number of states could be determined by adding
further reference profiles representing conditions such as dif-
ferent forms of spasticity. This would be of high value for
persons with neurological gait disorders who are often affected
by spastic muscle contractions during gait training.
A. Clinical Significance
There are various reasons why biofeedback might be a valu-
able adjunct to robot-assisted gait training. As described above,
with a high body weight support and a high support to guide the
leg movements, a patient has the possibility to behave passively
during robot-assisted gait training. However, passive guidance
has been shown to be less effective for motor learning compared
to active training [22]. Therefore, biofeedback should enable
more efficient gait training sessions by detecting this unfavor-
able passive behavior. Indeed, leg muscular activity has been
shown to be optimized by a visual biofeedback with the DGO
Lokomat in patients with incomplete spinal cord injury [15].
In addition, patients reported that they were more motivated
and concentrated on their walking movements when using vi-
sual biofeedback during robot-assisted gait training compared to
when no feedback was provided [21]. In accordance, observing
the visual biofeedback had the same effect on immediate motor
output of patients as receiving instructions from a physical ther-
apist [21]. In addition, the visual biofeedback allows a high de-
gree of self control for the patients during the training, which
was shown to be beneficial in physiotherapy [24]. With the pos-
sibility of providing visual biofeedback for each joint and for
the stance and swing phase separately, the gait training sessions
can be diversified and the motivation of the patient might be
maintained during this highly repetitive exercise. In fact, it has
been shown that computer feedback enhanced training adher-
ence in healthy subjects [25], which would probably also apply
for gait rehabilitation programs. In rehabilitation programs of
stroke patients, strong evidence of a positive benefit of biofeed-
back during gait training was constituted [26], where most of the
biofeedback systems were based on electromyography. How-
ever, we consider electromyographic biofeedback unfeasible in
the daily routing of robot-assisted gait training because of the
necessary additional preparation time, which is not required for
our approach. In conclusion, biofeedback has a high potential to
increase the quality of robot-assisted gait training by increasing
the motivation and motor output of the patients and optimizing
leg muscular activity.
B. Limitations
Although an amelioration of the reliability to detect different
degrees of activity of the patients was achieved with the pre-
sented method, not all leg movements of the subjects were de-
tected with 100% correctness. This is possibly not only due to
the inaccuracies of the calculations, but because of the nature of
the interaction forces that were sometimes overlapping for two
activity states. One reason could be that the subjects were not
able to behave entirely passively. On the other hand, the sensi-
tivity of the system was limited because man–machine interac-
tion forces were recorded from only four force sensors. Also,
the force sensors are not placed at the exact location where the
man–machine interaction forces are generated, but at the linear
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actuators. Some of the forces might therefore have been ab-
sorbed by the exoskeleton and not be detected by the force sen-
sors, which diminished the sensitivity of the system. It remains
to be investigated whether the sensitivity of the system can be
increased by the addition of further force sensors.
C. Outlook
As discussed above, the field of future work will serve to
extend the presented biofeedback approach in order to detect
different degrees of spasticity and involuntary movements.
Also, a further division of the gait cycle into functional sections
such as loading response, single limb support and initiation
of swing phase would allow more specific feedback. Further-
more, an index could be created to describe the performance
of a patient for an entire training session. This would allow
the documentation of the patients’ progress during the whole
rehabilitation process. A further field of research is the presen-
tation of the biofeedback values by virtual reality scenarios.
However, the most important future studies will be the ones to
identify whether biofeedback in robot-assisted gait training has
a significant impact on the rehabilitation outcomes of patients
with neurological gait disorders and which form of biofeedback
is most effective.
ACKNOWLEDGMENT
The authors would like to thank Dr. L. Lünenburger for his
great support on this project and Prof. H.-A. Loeliger for his
inputs to the development of the method.
REFERENCES
[1] S. Hesse and D. Uhlenbrock, “A mechanized gait trainer for restoration
of gait,” J. Rehabil. Res. Develop., vol. 37, pp. 701–8, Nov.-Dec. 2000.
[2] G. Colombo, M. Joerg, R. Schreier, and V. Dietz, “Treadmill training of
paraplegic patients using a robotic orthosis,” J. Rehabil. Res. Develop.,
vol. 37, pp. 693–700, Nov.-Dec. 2000.
[3] D. Reinkensmeyer et al., “Robotic gait training: Toward more natural
movements and optimal training algorithms,” Proc. IEEE Eng. Med.
Biol. Soc. Conf., vol. 7, pp. 4818–21, Sep. 2004.
[4] J. F. Veneman et al., “Design of a series elastic- and bowden
cable-based actuation system for use as torque-actuator in ex-
oskeleton-type training,” in Proc. 9th Int. Conf. Rehabil. Robotics, Jul.
2005, pp. 496–499.
[5] S. K. Banala, S. K. Banala, S. K. Agrawal, and J. P. Scholz, “Ac-
tive leg exoskeleton (alex) for gait rehabilitation of motor-impaired pa-
tients,” in Proc. IEEE 10th Int. Conf. Rehabil. Robotics, Jun. 2007, pp.
401–407.
[6] A. Mayr et al., “Prospective, blinded, randomized crossover study of
gait rehabilitation in stroke patients using the lokomat gait orthosis,”
Neurorehabil. Neural Repair, vol. 21, pp. 307–14, Jul.-Aug. 2007.
[7] B. Husemann, F. Muller, C. Krewer, S. Heller, and E. Koenig, “Effects
of locomotion training with assistance of a robot-driven gait orthosis in
hemiparetic patients after stroke: A randomized controlled pilot study,”
Stroke, vol. 38, pp. 349–54, Feb. 2007.
[8] M. Wirz et al., “Effectiveness of automated locomotor training in pa-
tients with chronic incomplete spinal cord injury: A multicenter trial,”
Arch. Phys. Med. Rehabil., vol. 86, pp. 672–80, Apr. 2005.
[9] G. Colombo, M. Wirz, and V. Dietz, “Driven gait orthosis for improve-
ment of locomotor training in paraplegic patients,” Spinal Cord, vol. 39,
pp. 252–5, May 2001.
[10] T. G. Hornby, D. H. Zemon, and D. Campbell, “Robotic-assisted, body-
weight-supported treadmill training in individuals following motor in-
complete spinal cord injury,” Physical Therapy, vol. 85, pp. 52–66, Jan.
2005.
[11] M. M. Mirbagheri, C. Tsao, E. Pelosin, and W. Z. Rymer, “Therapeutic
effects of robotic-assisted locomotor training on neuromuscular prop-
erties,” in Proc. 9th IEEE Int. Conf. Rehabil. Robotics, Jul. 2005, pp.
561–564.
[12] S. Beer et al., “Robot-assisted gait training in multiple sclerosis: A pilot
randomized trial,” Multiple Sclerosis, vol. 14, pp. 231–6, Mar. 2008.
[13] I. Borggraefe et al., “Improved gait parameters after robotic-assisted
locomotor treadmill therapy in a 6-year-old child with cerebral palsy,”
in Movement Disorders, Jan. 30, 2008, vol. 23, pp. 280–3.
[14] A. Meyer-Heim et al., “Feasibility of robotic-assisted locomotor
training in children with central gait impairment,” Developmental
Medicine Child Neurol., vol. 49, pp. 900–6, Dec. 2007.
[15] J. M. Hidler and A. E. Wall, “Alterations in muscle activation patterns
during robotic-assisted walking,” Clin. Biomech. (Bristol, Avon), vol.
20, pp. 184–93, Feb. 2005.
[16] J. F. Israel, D. D. Campbell, J. H. Kahn, and T. G. Hornby, “Metabolic
costs and muscle activity patterns during robotic- and therapist-assisted
treadmill walking in individuals with incomplete spinal cord injury,”
Physical Therapy, vol. 86, pp. 1466–78, Nov. 2006.
[17] R. Riener, L. Lunenburger, and G. Colombo, “Human-centered
robotics applied to gait training and assessment,” J. Rehabil. Res.
Develop., vol. 43, pp. 679–94, Aug.-Sep. 2006.
[18] L. Lünenburger, G. Colombo, and R. Riener, “Biofeedback for robotic
gait rehabilitation,” J. Neuroeng. Rehabil., vol. 4, p. 1, 2007.
[19] L. Lünenburger, G. Colombo, R. Riener, and V. Dietz, “Biofeedback
in gait training with the robotic orthosis lokomat,” in Proc. 26th Annu.
Int. IEEE EMBS Conf., Sep. 1–5, 2004, pp. 4888–4891.
[20] R. Riener et al., “Patient-cooperative strategies for robot-aided tread-
mill training: First experimental results,” IEEE Trans. Neural Syst. Re-
habil. Eng., vol. 13, no. 3, pp. 380–94, Sep. 2005.
[21] R. Banz, M. Bolliger, V. Dietz, G. Colombo, and L. Lunenburger,
“Computerized visual feedback: An adjunct to robotic-assisted gait
training,” J. Physical Therapy, vol. 88, pp. 1135–1145, 2008.
[22] M. Lotze, C. Braun, N. Birbaumer, S. Anders, and L. G. Cohen, “Motor
learning elicited by voluntary drive,” Brain, vol. 126, pp. 866–72, Apr.
2003.
[23] J. Perry, Gait Analysis: Normal and Pathological Function. New
York: McGraw-Hill, 1992.
[24] G. Wulf, “Self-controlled practice enhances motor learning: Implica-
tions for physiotherapy,” Physiotherapy, vol. 93, pp. 96–101, Jun. 2007.
[25] J. J. Annesi, “Effects of computer feedback on adherence to exercise,”
Perception Motor Skills, vol. 87, pp. 723–30, Oct. 1998.
[26] R. W. Teasell, S. K. Bhogal, N. C. Foley, and M. R. Speechley, “Gait
retraining post stroke,” Topics Stroke Rehabil., vol. 10, pp. 34–65, 2003.
Raphael Banz studied biology at the University
of Fribourg, Switzerland and human movement
sciences at the University of Calgary, Canada and
at the ETH Zurich, Switzerland. He conducted his
Ph.D. thesis at the Research Laboratory, Spinal
Cord Injury Center, Balgrist University Hospital,
Zurich, Switzerland and at the ETH Zurich, Switzer-
land, where he developed biofeedback systems for
robot-assisted gait training.
His research interests are in the field of motor re-
habilitation and rehabilitation engineering.
Marc Bolliger studied Sports and Sports Science at
the University Basel, Switzerland and received the
Ph.D. degree from the Humboldt University Berlin,
Germany, in 2005.
Since 2004, he has been with the Research Lab-
oratory, Spinal Cord Injury Center, Balgrist Univer-
sity Hospital, Zurich, Switzerland. In 2008, he joined
the Sensory Motor Systems Laboratory, ETH Zurich,
Switzerland. His research interests are in the field of
neurorehabilitation and rehabilitation engineering
Authorized licensed use limited to: MAIN LIBRARY UNIVERSITY OF ZURICH. Downloaded on July 22, 2009 at 05:09 from IEEE Xplore.  Restrictions apply. 
22 IEEE TRANSACTIONS ON NEURAL SYSTEMS AND REHABILITATION ENGINEERING, VOL. 17, NO. 1, FEBRUARY 2009
Stefan Müller received the M.S. degree in electrical
engineering and information technology from the
Swiss Federal Institute of Technology (ETH), Zurch,
Switzerland, in 2008.
In the context of a semester thesis at the Signal
and Information Processing Laboratory, ETH Zurich
and the Spinal Cord Injury Center, University Hos-
pital Balgrist, Zurich, he developed and evaluated
different methods for biofeedback calculation in the
driven gait orthosis Lokomat based on measured
man–machine interaction forces. He is currently a
Software Engineer at Digitec AG, Zurich.
Claudio Santelli was born in Zurich, Switzerland,
in 1983. Currently, he is studying information tech-
nology and electrical engineering at the Swiss Fed-
eral Institute of Technology (ETH), Zurich, Switzer-
land. Since December 2008 he has been working on
the M.S. thesis about advanced diffusion-weighted
imaging techniques in magnetic resonance imaging.
His interests are in the fields of signal processing,
computer vision and biomedical engineering.
Robert Riener studied mechanical engineering
at TU München and University of Maryland. He
received a Ph.D. degree in engineering from the
TU München in 1997 after conducting research on
modelling and control of neuroprostheses.
After postdoctoral work from 1998 to 1999 at the
Centro di Bioingegneria, Politecnico di Milano, he
returned to the TU München, where he completed his
Habilitation in the field of Biomechatronics in 2003.
From 2003 to 2006 he was Assistant Professor of
Rehabilitation Engineering at the Automatic Control
Laboratory of the ETH Zurich and Spinal Cord Injury Center of the University
Hospital Balgrist ("double-professorship"). Since June 2006, he has been
Associate Professor for Sensory-Motor Systems at the Mechanical Engineering
Department of ETH Zurich, while maintaining the double professorship with
the University of Zurich. His research interests include biomechanics, virtual
reality, haptic display technologies and rehabilitation robotics. He has authored
and co-authored more than 250 peer-reviewed journal and conference articles
as well as 18 patents.
Dr. Riener was a Director of the IFESS and President of the AUTOMED.
Currently, he is an editorial member of three international journals, including
the IEEE Transactions on Neural Systems and Rehabilitation Engineering. Fur-
thermore, he serves as reviewer for many international journals as well as for
the German Ministry of Research (BMBF) and the Engineering and Physics
Sciences Research (EPSRC), United Kingdom. He has received several awards
including the humanTech Innovation Prize in 2005, and the Swiss Technology
Award in 2006.
Authorized licensed use limited to: MAIN LIBRARY UNIVERSITY OF ZURICH. Downloaded on July 22, 2009 at 05:09 from IEEE Xplore.  Restrictions apply. 
